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Abstract

One guideline recommended method to help clinicians triage acute 
ischemic stroke patients for mechanical thrombectomy 
(MT) is based on the estimation of infarct and mismatch volume as 
estimated by CT Perfusion (CTP). However, prior studies had shown 
that the quantitative accuracy of CTP perfusion maps varies with 
the software (numerical algorithm) used which, by inference, means 
that thresholds for infarct and mismatch volume estimation could 
be software dependent. Clinically, thresholds of the RAPID software 
(iSchemiaView, Inc.) had been validated in the DEFUSE 3 trial. 
The goal of this study is to compare CT Perfusion 4D (CTP4D, GE 
Healthcare) thresholds to those of the RAPID software in a clinical 
evaluation. 

Using clinical CTP studies from the ISLES database*, it was shown 
that when using CTP4D thresholds of rCBF (ischemic to normal 
CBF ratio) < 10% and TMax >7s thresholds, CTP4D derived infarct 
and mismatch volumes closely matched those from RAPID and 
the estimated infarct volumes from CT Perfusion were significantly 
correlated (P < 0.01) to those measured using the clinical gold 
standard of MR DWI, with correlation coefficient of 0.84 and 0.87 
for RAPID and CTP4D respectively. Moreover, MT recommendation 
based on the two software using the calibrated equivalent 
thresholds agreed at the individual patient level to a high degree - 
97% and 3% concordance and discordance rate, respectively.
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Introduction

Stroke is the second leading cause of death, and third leading cause of disability 
worldwide according to the World Health Organization1. Since the seminal 
IV tissue plasminogen activator study demonstrating effectiveness to limit 
neurological sequelae for acute ischemic stoke in 19952, treatment has been 
expanded to include mechanical thrombectomy (MT). The availability 
of treatment options has spurred the development of acute stroke imaging, 
particularly using CT, to help triage patient into appropriate treatment. CT 
Perfusion (CTP) is a minimally invasive imaging technique that produces 
quantitative maps of cerebral blood flow, cerebral blood volume, mean transit 
time and other hemodynamic parameters, which are useful for assessing tissue 
viability3,4. Because of its 24-7 accessibility, CT could help improve stroke care by 
assisting the clinicians in the selection of the optimal treatment for individual 
patients. For example, the five (ESCAPE, EXTEND-IA, MR CLEAN, REVASCAT and 
SWIFT-PRIME5-9) successful trials of treating large vessel occlusion within 6 to 
12 hours of symptom onset with MT had higher rates of good functional outcome 
in the MT group. Of these trials, CTP was one of the crucial MT selection criterion 
in the EXTEND-IA trial. The utility of CTP as one of the additional selection criteria 
to select patients for MT was further confirmed by DEFUSE 310 which extended 
the treatment time window to 16 hours. DEFUSE 3 used thresholds applied to 
CTP derived CBF and Tmax maps to estimate infarct core and penumbral volume. 
Patients were eligible for treatment if penumbra volume was 1.8 times larger 
than the infarct, infarct volume was < 70mL, and penumbra volume was > 15mL10.

The goal of the current study was to compare 
the results obtained from thresholded CBF 
and Tmax maps derived by the RAPID and CT 
Perfusion 4D software (iSchemiaView, Inc. 
and GE Healthcare respectively), as well as 
investigate whether these results would trigger 
the same treatment decision using the DEFUSE 3 
criteria. 

*(http://www.isles-challenge.org/)
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Perfusion Map Generation with CTP4D
CTP studies were processed with CTP4D (Version Ver16.0-2.216) 
Stroke protocol where the arterial input and venous output time 
density curve (TDC) were automatically generated by the software 
from a major artery (e.g. internal carotid, middle and anterior 
cerebral artery or others) and a major draining vein (e.g. posterior 
superior sagittal sinus, transverse sinus or others) respectively and 
manually corrected if necessary. The CTP source dynamic images 
were then smoothed with an edge preserving bilateral filter. After 
smoothing, CT Perfusion maps were calculated by deconvolving the 
arterial from the brain time-density curves based on the Johnson-
Wilson-Lee (JWL) model11 to obtain the flow scaled impulse residue 
function (RF) from which blood flow, blood volume, mean transit time 
and Tmax were determined11.

Processing of ISLES Patient Studies 
and Comparison of Infarct and 
Mismatch Volume
The ISLES CTP studies were processed with the CTP4D software 
(Ver16.0-2.216) to generate CBF and Tmax maps. On the other hand, 
RAPID CBF and Tmax maps were downloaded from ISLES 2018 
website*. Within the RAPID software, infarct volume is defined by 
rCBF< 30%, and mismatch volume by Tmax > 6 s and rCBF > 30%9,15. 
Within the CTP4D software, the rCBF threshold is set to rCBF<10%, 
and mismatch volume by Tmax > 7 s and rCBF >10%. The difference of 
thresholds between RAPID and CTP4D is explained by the differences 
in the two software models and algorithms: CTP4D uses the JWL 
model11 while RAPID uses model-independent Wiener filtering12 to 
calculate the flow scaled impulse residue function by deconvolving 

the arterial time density curve from the brain tissue time density 
curves (TDC). As a consequence, RAPID thresholds cannot be used 
directly with CTP4D for infarct or mismatch volume estimations. 
Each deconvolution method can lead to a different level of bias in the 
estimated cerebral blood flow (CBF) and hence relative CBF (rCBF, 
ischemic relative to contralateral hemispheric CBF)13,14 which is used 
in the current clinical paradigm (DEFUSE 3 criteria10) of measuring 
infarct volume from acute CTP studies.

Based on prior simulation studies with a digital perfusion phantom, 
we found that a 10% CTP4D rCBF is equivalent to a 30% RAPID rCBF15. 
To validate this correspondence in rCBF threshold, the predicted 
infarct volumes by RAPID and CTP4D were compared against that 
from the follow-up MR DWI using correlation and Bland-Altman 
analysis15. 

The performance of RAPID and CTP4D was also compared in the 
triage of ISLES patients for MT using the DEFUSE 3 criteria10: infarct 
volume < 70 mL, ratio of perfusion deficit to infarct volume > 1.8 and 
mismatch volume > 15 mL. The number of concordant and discordant 
cases with respect to MT triage were reported.

Statistical Analysis
All quantitative values were quoted as median (interquartile range). 
Comparison of quantitative values were performed with correlation, 
linear regression and/or Bland-Altman analysis16. 

Materials and methods
The evaluation was performed on the set of patients used in the Ischemic Stroke Lesion Segmentation (ISLES) 2018 Challenge 
organized by the International Conference on Medical Image Computing and Computer Assisted Intervention (MICCAI) to test 
competing software in segmenting stroke lesions based on acute CT Perfusion imaging*. The 2018 Challenge database had 103 
patients each had an admission CTP study followed by a MR DWI study within a 3-h time window. Patients were not treated 
in the interval time between CTP and MR study. This study used a subset of 63 out of the 103 stroke patients for whom CT 
Perfusion maps generated by the RAPID software and manual segmentation of the DWI lesion were available in the ISLES 2018 
database.
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Results

Characteristics of ISLES Patients and 
their Ischemic Lesion
The 63 patients from the ISLES database were imaged first with CTP 
and then had MR DWI within 3 hours of CTP imaging (range 15-181 
mins). Both imaging studies were performed before any treatment. 
About 50% of the CTP studies were acquired as two separate 4 cm slabs 
with two contrast injections. Slabs were processed separately but the 
infarct and mismatch volumes of each slab were summed together in 
the following analysis. 

Mean DWI infarct volume was 47.6 mL (IQR: 13.8 – 60.9 mL). Based on 
RAPID maps, the median rCBF < 30% (infarct) volume was 18.4 mL 
(IQR: 2.8 – 21.0 mL) and the median Tmax > 6s (mismatch) volume was 
68.7 mL (IQR: 35.6 – 83.2 mL).  From CTP4D maps, the median 
rCBF < 10% (infarct) volume was 18.2 mL (IQR: 3.9 – 22.9 mL) and the 
median Tmax > 7s (mismatch) volume was 76.9 mL (IQR: 38.4 – 105.6 mL).

Comparison of Infarct and Mismatch 
Volume Estimated by RAPID and 
CTP4D in ISLES Patients
Infarct volume was segmented from RAPID and CTP4D CBF map using 
an rCBF threshold of 30%10,17 and 10% respectively. These estimated 
infarct volumes from CTP were significantly correlated (P < 0.01) to 
those measured using the clinical gold standard of MR DWI, Figure 1 (A) 
& (B), with correlation coefficient of 0.84 and 0.87 for RAPID and CTP4D 
respectively. 

Based on prior simulation studies with a digital perfusion phantom, we 
found that a 10% CTP4D rCBF is equivalent to a 30% RAPID rCBF15. To 
validate this correspondence in rCBF threshold, the predicted infarct 
volumes by RAPID and CTP4D were compared against that from the 
follow-up MR DWI using correlation and Bland-Altman analysis15. 

The performance of RAPID and CTP4D was also compared in the triage 
of ISLES patients for MT using the DEFUSE 3 criteria10: infarct volume 
< 70 mL, ratio of perfusion deficit to infarct volume > 1.8 and mismatch 
volume > 15 mL. The number of concordant and discordant cases with 
respect to MT triage were reported. 

Figure 1. Correlation of RAPID (A) and CTP4D (B) estimated infarcted volumes with rCBF 
threshold of 30% and  10% respectively to those measured with MR DWI. The regression line is 
shown in blue while the identity line in red.
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Figure 2 (A) & (B) show the Bland-Altman analysis of RAPID (rCBF < 
30%) and CTP4D (rCBF < 10%) derived infarct volumes versus those 
from MR DWI16. The difference between MR DWI and RAPID or CTP4D 
volumes was adjusted for linear dependence on the average volume as 
suggested by Bland-Altman16. The mean adjusted difference between 
RAPID and MR DWI infarct volumes was 0.0mL (limits of agreement of 
76 mL) while that for CTP4D was 0.0mL (limits of agreement 68.6 mL). 
The almost complete overlap of the limits of agreement suggests that 
RAPID and CTP4D are equivalent in estimating infarct volumes relative 
to MR DWI. 

Figure 2. Bland-Altman analysis of (A) RAPID infarct volume (rCBF <30%) and (B) CTP4D 
infarct volume (rCBF < 10%) versus MR DWI infarct volume. All volumes in units of mL.
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Figure 3 shows that the CTP4D mismatch volume (Tmax > 7s & rCBF>10%) 
was significantly correlated to the RAPID volume (Tmax > 6s & rCBF>30%) 
at P < 0.01.

Figure 3. Correlation of CTP4D mismatch volume with that of RAPID.
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Comparison of MT Decision Using 
RAPID and CTP4D Perfusion Maps

In the absence of a gold standard to assess the relative 
performance of the two software for the estimation of mismatch 
volume based on Tmax threshold, a clinically relevant combined 
evaluation of the infarct and mismatch volumes is to use them 
for a simulated MT triage among the ISLES patients based on the 
DEFUSE 3 criteria10. Table 1 shows the concordant and discordant 
rate of the MT triage between RAPID and CTP4D were 97% (61/63) 
and 3% (2/63) respectively.

CTP4D

Y N

RAPID
Y 54 1

N 1 7

Table 1. 2 x 2 contingency table of concordance and discordance in thrombectomy 
decision based on DEFUSE 3 criteria applied to CTP4D and RAPID CBF and Tmax maps.
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Discussion

One guideline recommended method to triage acute ischemic stroke 
patients for MT is based on the estimation of infarct and mismatch 
volume as estimated by CTP18. However, Kudo et al13,14 had shown 
that the quantitative accuracy of CTP perfusion maps varies with 
the software (numerical algorithm) used which, by inference, means 
that thresholds for infarct and mismatch volume estimation could 
be software dependent. Clinically, thresholds of the RAPID software 
(iSchemiaView, Inc.) had been validated 

in the DEFUSE 3 trial. The goal of this study was to compare the 
thresholds used in CTP4D to the ones used in RAPID. 

For this purpose, we compared infarct volumes estimated from 
CTP4D derived CBF maps using the rCBF threshold of 10% with those 
delineated in follow-up MR DWI images using regression and Bland-
Altman analysis (Figure 1(B) & Figure 2(B)). Figures 1(A) & 2(A) show 
the same comparisons carried out with RAPID CBF maps with a rCBF 
threshold of 30%. Both regression and Bland-Altman analysis show 
that the infarct volumes estimated by both RAPID and CTP4D were 
correlated to the MR DWI delineated infarct volume in the same way. 
Additionally, differences between the infarct volumes estimated by 
RAPID and CTP4D were not significant (P > 0.5, Student’s t-test of 
paired samples). 

Concerning mismatch volumes delineated with Tmax threshold of 6s 
and 7s respectively from RAPID and CTP4D Tmax maps, again they 
were significantly correlated (R= 0.90; P < 0.01) with a regression slop 
of 0.98, as well there were not significant differences between the two 
volumes (P > 0.3, Student’s t-test). 

Finally, the rCBF and Tmax thresholds for RAPID and CTP4D 
were applied to respective CBF and Tmax maps to determine the 
agreement between the two software in assisting the clinicians in 
recommending ISLES patients for MT. This resulted in a concordance 
and discordance rate of 97% and 3% respectively. 

Tissue status, infarct or penumbra (mismatch) has a  multifactorial 
dependence and may not depend solely on a single CBF and Tmax 
threshold19,20. The dependence of these thresholds on other 
relevant parameters including onset to imaging time21 requires 
further investigation which is outside the scope of the present study.
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Conclusion

In summary, the clinical ISLES CTP study results suggest that CT 
Perfusion 4D derived infarct and mismatch volumes closely match 
those from RAPID and assisting clinicians with the mechanical 
thrombectomy recommendation based on the two software has a 
high concordance rate at the individual patient level. However, use 
of calibrated equivalent thresholds obtained is required. As well, all 
tissue segmentation should be interpreted in light of all available 
imaging and clinical data to prevent errors as discussed in the 
literature19-22.



References 
1.  Johnson W, Onuma O, Owolabi M, Sachdev S. Stroke: A global response is 

needed. Bull World Health Organ. 2016;94(9):634A-635A.

2.  National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. 
Tissue plasminogen activator for acute ischemic stroke. N Engl J Med. 1995 Dec 
14;333(24):1581-7. doi: 10.1056/NEJM199512143332401. PMID: 7477192.

3.  Murphy BD, Fox AJ, Lee DH, Sahlas DJ, Black SE, Hogan MJ, Coutts SB, 
Demchuk AM, Goyal M, Aviv RI, Symons S, Gulka IB, Beletsky V, Pelz D, Hachinski 
V, Chan R, Lee TY. Identification of penumbra and infarct in acute ischemic 
stroke using computed tomography perfusion-derived blood flow and 
blood volume measurements. Stroke. 2006 Jul;37(7):1771-7. doi: 10.1161/01.
STR.0000227243.96808.53. Epub 2006 Jun 8. PMID: 16763182.

4.  Wright EA, d’Esterre CD, Morrison LB, Cockburn N, Kovacs M, Lee TY. Absolute 
Cerebral Blood Flow Infarction Threshold for 3-Hour Ischemia Time Determined 
with CT Perfusion and 18F-FFMZ-PET Imaging in a Porcine Model of Cerebral 
Ischemia. PLoS One. 2016 Jun 27;11(6):e0158157. doi: 10.1371/journal.
pone.0158157. PMID: 27347877; PMCID: PMC4922566.

5.  Saver JL, Goyal M, Bonafe A, Diener HC, Levy EI, Pereira VM, Albers GW, et al; 
SWIFT PRIME Investigators. Stent-retriever thrombectomy after intravenous t-PA 
vs. t-PA alone in stroke. N Engl J Med. 2015 Jun 11;372(24):2285-95. doi: 10.1056/
NEJMoa1415061. PMID: 25882376.

6.  Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton J, Roy D, Jovin TG 
et al; ESCAPE Trial Investigators. Randomized assessment of rapid endovascular 
treatment of ischemic stroke. N Engl J Med. 2015 Mar 12;372(11):1019-30. 
doi:10.1056/NEJMoa1414905. PMID: 25671798.

7.  Campbell BC, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, Yassi N, Yan B, et 
al; EXTEND-IA Investigators. Endovascular therapy for ischemic stroke with 
perfusion-imaging selection. N Engl J Med. 2015 Mar 12;372(11):1009-18. 
doi:10.1056/NEJMoa1414792. Epub 2015 Feb 11. PMID: 25671797.

8.  Berkhemer OA, Fransen PS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ, 
et al; MR CLEAN Investigators. A randomized trial of intraarterial treatment 
for acute ischemic stroke. N Engl J Med. 2015 Jan 1;372(1):11-20. doi: 10.1056/
NEJMoa1411587. PMID: 25517348.

9.  Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, Rovira A, San Román 
L, et al; REVASCAT Trial Investigators. Thrombectomy within 8 hours after 
symptom onset in ischemic stroke. N Engl J Med. 2015 Jun 11;372(24):2296-306. 
doi:10.1056/NEJMoa1503780. PMID: 25882510.

10.  Albers GW, Marks MP, Kemp S, Christensen S, Tsai JP, Ortega-Gutierrez àS, 
McTaggart RA et al; DEFUSE 3 Investigators. Thrombectomy for Stroke at 6 to 16 
Hours with Selection by Perfusion Imaging. N Engl J Med. 2018 Feb 22;378(8):708-
718.doi: 10.1056/NEJMoa1713973. PMID: 29364767; PMCID: PMC6590673.

11.  Lee TY, Yang DM, Li F, Marants R. CT Perfusion Techniques and Applications in 
Stroke and Cancer. In Computed Tomography – Approaches, Applications, and 
Operations, Samei E and Pelc NJ (Eds). Cham: Springer International Publishing, 
2020, pp. 347-365. https://doi.org/10.1007/978-3-030-26957-9

12.  Straka M, Albers GW, Bammer R. Real-time diffusion-perfusion mismatch analysis 
in acute stroke. J Magn Reson Imaging. 2010 Nov;32(5):1024-37. doi:10.1002/
jmri.22338. PMID: 21031505; PMCID: PMC2975404.

13.  Kudo K, Sasaki M, Yamada K, Momoshima S, Utsunomiya H, Shirato H, 
Ogasawara K. Differences in CT perfusion maps generated by different 
commercial software: quantitative analysis by using identical source data 
of acute stroke patients. Radiology. 2010 Jan;254(1):200-9. doi: 10.1148/
radiol.254082000. PMID: 20032153. 

© 2023 GE HealthCare. GE is a trademark of General Electric Company used under trademark license.

JB20387XX

GE Healthcare reserves the right to make changes in specifications and features shown 
herein, or discontinue the product described at any time without notice or obligation. 
Contact your GE Healthcare representative for the most current information. GE and the 
GE Monogram, are trademarks of General Electric Company. GE Healthcare, a division of 
General Electric Company. GE Medical Systems, Inc., doing business as GE Healthcare.

14.  Kudo K, Christensen S, Sasaki M, Østergaard L, Shirato H, Ogasawara K, 
Wintermark M, Warach S; Stroke Imaging Repository (STIR) Investigators. 
Accuracy and reliability assessment of CT and MR perfusion analysis software 
using a digital phantom. Radiology. 2013 Apr;267(1):201-11.  
doi: 10.1148/radiol.12112618. Epub 2012 Dec 6. PMID: 23220899; PMCID: 
PMC3606546.

15.  Lee TY, Chung K, De Sarno D, Galas T, Adam V, Bonnard M, Deubig A, Sirohey 
S. A digital perfusion phantom to benchmark CT Perfusion software derived 
thresholds for tissue segmentation in acute ischemic stroke. GE Healthcare 
Technical White Paper 2022.

16.  Bland JM, Altman DG, Measuring agreement in method comparison studies. 
Stat Methods Med Res. 1999 Jun;8(2):135-60. doi: 10.1177/096228029900800204. 
PMID:10501650.

17.  Cereda CW, Christensen S, Campbell BCV, Mishra NK, Mlynash M, Levi C, 
Straka M, Wintermark M, Bammer R, Albers GW, Parsons MW, Lansberg MG. 
A benchmarking tool to evaluate computer tomography perfusion infarct 
core predictions against a DWI standard. J Cereb Blood Flow Metab. 2016 
Oct;36(10):1780-1789. doi:10.1177/0271678X15610586. Epub 2015 Oct 

19.  PMID: 26661203; PMCID: PMC5076783.

18.  Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K et 
al. Guidelines for the Early Management of Patients With Acute Ischemic Stroke: 
2019 Update to the 2018 Guidelines for the Early Management of Acute Ischemic 
Stroke: A Guideline for Healthcare Professionals From the American Heart 
Association/American Stroke Association. Stroke. 2019 Dec;50(12):e344-e418. 
doi:10.1161/STR.0000000000000211.

19.  Goyal M, Ospel JM, Menon B, Almekhlafi M, Jayaraman M, Fiehler J, Psychogios 
M et al. Challenging the Ischemic Core Concept in Acute Ischemic Stroke Imaging. 
Stroke. 2020 Oct;51(10):3147-3155. doi: 10.1161/STROKEAHA.120.030620. 
Erratum in: Stroke. 2021

20.  Broocks G, Minnerup J, McDonough R, Flottmann F, Kemmling A. Letter by 
Broocks et al Regarding Article, “Challenging the Ischemic Core Concept in 
Acute Ischemic Stroke Imaging”. Stroke. 2021 Jan;52(2):e76-e77. doi: 10.1161/
STROKEAHA.120.032707. PMID: 33493065.

21.  d’Esterre CD, Boesen ME, Ahn SH, Pordeli P, Najm M, Minhas P, Davari P, Fainardi 
E, Rubiera M, Khaw AV, Zini A, Frayne R, Hill MD, Demchuk AM, Sajobi TT, Forkert 
ND, Goyal M, Lee TY, Menon BK. Time-Dependent Computed Tomographic 
Perfusion Thresholds for Patients With Acute Ischemic Stroke. Stroke. 2015 
Dec;46(12):3390-7. doi: 10.1161/STROKEAHA.115.009250. PMID: 26514186

22.  Martins N, Aires A, Mendez B, Boned S, Rubiera M, Tomasello A, Coscojuela P et al. 
Ghost Infarct Core and Admission Computed Tomography Perfusion: Redefining 
the Role of Neuroimaging in Acute Ischemic Stroke. Interv Neurol. 2018 
Oct;7(6):513-521. doi: 10.1159/000490117. PMID:30410531; PMCID: PMC6216773.


